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Abstract 
This paper presents for the first time the comparative study between fixed bed (FB) and stirred bed (SB) pyrolysis of 
biomass in a 1 kW and 2.45 GHz microwave (MW) system. Generally biomass is poor absorber of MW and pyrolysis 
reaction cannot takes place unless induced with absorber. However, MW absorber not only the affects the temperature 
profile but also it initiates the pyrolysis reaction. Interestingly, in SB, approach of varying MW absorber quantity can be a 
used to control the pyrolysis temperature which otherwise is difficult in domestic MW system. Bio-oil was subjected to 
FT-IR analysis in order to determine possible chemical functional groups. Overall, SB produced much better results in 
terms of complete pyrolysis which could save energy, time and cost of the MW pyrolysis process.  
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1. Introduction 
In recent time, MW technology is used as an alternative heating method to treat various kinds of materials 
in wide spectra of fields, such that MW technology is no more considered a niche application in MW 
engineering field. One such area of MW application is to treat the waste materials into valuable products or 
neutralize it for safe disposal for environmental remediation, which was emphasized by two classical review 
articles [1-2].  
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Nevertheless, due to inert environment (in the absence of oxygen), which is advantageous in terms of safe 
working conditions to prevent any explosions or other hazards, MW pyrolysis has received considerable 
attention by MW expertise. Moreover, it is an endothermic reaction, and therefore it can avoid any runway of 
reaction temperatures to a dangerous level. Therefore, several studies have been conducted on MW pyrolysis 
of biomass, including wood [3], fir/pine wood sawdust [4], corn stover and aspen [5], rice straw [6-7], fir 
sawdust [8], coffee hulls [9], wheat straw [10], oil palm biomass[11], and oil palm empty fruit bunches [12].  
Many of this and other research work on MW pyrolysis of biomass were done with fixed or static bed. 
Except in study [8], an overhead stirrer was implemented for biomass pyrolysis under MW irradiation.  
However, in this study glycerol and an ionic liquid were used as MW absorbers to pyrolyse the biomass, 
which were in liquid form. This article did not furnish a detailed experimental procedure. Another study [10] 
used a rotating reactor inside the MW cavity to ensure uniform distribution of MW energy within the sample. 
Besides this, none has attempted to employ stirrer in MW pyrolysis of biomass. The main reason behind this 
might be the phobia about the interference of stirrer with MW electric field, which may cause arcing, or 
damage to MW generator or impede the stirring action. No proof about this has been established yet in the 
literature for MW pyrolysis process. It was hypothesized that stirring the materials bed would not only 
improve the heating rates but would also enhance the reaction mechanism, leading to improved product 
quality.  
Keeping in view the above scenario, it was of immense interest and novel method to implement overhead 
stirrer in MW pyrolysis of biomass and compare its performance with the fixed bed. This type of research 
work is absolutely missing in the literature. Thus, the main aim of this paper was to present the relative study 
between fixed bed (FB) and stirred bed (SB) of biomass materials under MW irradiation. The heating 
characteristics of fixed and stirred bed were revealed through temperature history during MW pyrolysis. Bio-
oil was chemically characterized using Fourier Transform Infrared (FT-IR) technique. 
2. Materials and Method 
Oil palm shell (OPS) biomass was obtained from the palm oil mill situated in the Johore state of Malaysia 
and was grinded to 850 μm particle size. The as-received moisture content of the OPS was about 8 wt%. 
Commercial coconut-based activated carbon (AC) supplied by the Laju Group of Companies, Malaysia was 
used as MW absorber. The size of AC was in the range of 1 to 2 mm. Furthermore, the internal surface area of 
AC as provided by the company was in the range of 500 to 2500 m2/g. Biomass materials need to be 
synergized with a good MW absorber (in this case coconut AC) to initiate the pyrolysis reaction.  
A multimode MW system of 1 kW power and frequency of 2.45 GHz was used to carry out biomass 
pyrolysis. The details regarding the MW set-up, temperature measurement and the method of experiment can 
be obtained from our previous article [11]. The only modification was the use of an overhead stirrer in case of 
SB. The thermocouple T1 was used to record the bed inside temperature and T2 was used to measure the bed 
surface temperature. An overhead high-speed stirrer with a digital regulator (WiseStir model HS-30D) was 
implemented. An anchored two-bladed stainless steel stirrer shaft 8 mm in diameter and 70 mm wide blades 
was used. All experiments were repeated twice to confirm the values obtained. The chemical functional group 
present in pyrolysis oil was analyzed by Fourier Transform Infrared spectroscopy (FT-IR), using a Perkin 
Elmer model 2000 along the wavenumbers 4400 to 400 cm-1. 
3. Results and Discussion  
3.1. Temperature profiles 
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Fig. 1 shows the maximum temperature attended in FB and SB during MW pyrolysis of OPS biomass at 
varying MW absorber percentage. Apparently, no bio-oil was obtained in absence of MW absorber (0 %) 
since no pyrolysis reactions took place. Nevertheless, mild vapour generation with condensation of water on 
the walls of the quartz reactor and other equipment was observed. In both FB and SB, the bed inside 
temperature remained higher than the bed surface temperature (T1 > T2). However, the stirring action 
enhanced the bed inside temperature by 28 % and surface temperature increased slightly by 12 % as compared 
to FB.  
 
 
Fig. 1. Maximum temperature attained during MW pyrolysis of OPS biomass in fixed bed (FB) and stirred bed (SB) at 450 W 
Even though biomass is considered to be a poor absorber of MW, the increase in temperature at 0 % MW 
absorber was attributed due to the presence of moisture in the biomass. Owing to its good MW absorbing 
characteristics, water can generate considerable heat within biomass due to its dielectric property and polar 
nature [13]. This could also be confirmed by study of MW pyrolysis on wood pellets [14].  
The addition of carbon into the OPS biomass not only increased the temperature (see Fig. 1), but also 
initiated the pyrolysis reaction by generating the vapours consequently producing bio-oil. MW heating was 
very rapid in nature because the vapours were released instantaneously. However, the increase of temperature 
in case of SB was more significant as compared to FB. Surprisingly, the temperature profiles were observed 
to decline with increase in carbon percentage, but were observed only in SB. This was an important 
contribution to the research work. Most of the work concerning the effect of the MW absorber percentage 
focused on the yield of bio-oil [8, 15]. It seems that MW absorber percentage can be used as factor to control 
the temperature profile during MW pyrolysis. The present results also demonstrated that a minimum power of 
450 W was required to produce bio-oil. Below this power, pyrolysis could not take place even in the presence 
of an MW absorber. This was in agreement with the findings of Yu et al. [17]. Finally, complete pyrolysis 
was observed in SB as compare to FB, which showed an unpyrolysed OPS biomass.  
3.2. Bio-oil characterization  
Table 1 presents the possible chemical functional groups detected in bio-oil obtained from FB and SB 
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using the FT-IR technique. The main difference in FB and SB peaks was observed for wavenumber in range 
of 3000 to 2300 cm-1, 950 – 1300  and 900 – 650 cm-1. The peaks around 2625 cm-1 may attribute to –S-H 
function known to be thiol group. This was absent in SB and in FB for 50 % carbon. The peaks from 900 to 
650 cm-1 were totally absent in case of FB bio-oil. The presence of these peaks in SB bio-oil indicates that the 
oil might be highly aromatic in nature. The indication of chemical phenol could be observed from O-H 
stretching vibrations and O-H bending in the range of 3200 to 3600 cm-1 and 900 to 1300 cm-1 respectively. 
Huang et al. [18] found similar peak at 3420 cm-1 indicating the presence of hydroxyl group in phenol. These 
peaks denote that OPS bio-oil may be rich in phenolic components because OPS is characterised as highly 
lignin biomass.  
Table 1. Comparison of FT-IR analysis of OPS bio-oil produced via MW pyrolysis in fixed and stirred bed  
Wave 
numbers, 
cm-1 
Chemical 
functional 
group 
Peak locations at different carbon percentage Class of 
chemical 
compounds 
25 50 75 
Fixed Stirred Fixed Stirred Fixed Stirred 
3200 – 3600 O-H stretching 3429 3400 3423 3420 3430 3430 
Polymeric, 
alcohols, 
phenols or water 
(hydroxyl 
group) 
3000 – 2300 -S-H broad 2626 - - - 2624 - 
Thiol group, 
sulphur 
compounds 
2300 – 1850 CŁC stretching 2101 2084 2112 2080 2097 2070 
Alkynes, 
cyanide 
compounds 
1850 – 1650  C=O stretching 1712 1715 1709 1712 1715 1720 
Ketones, 
aldehydes, 
carboxylic acids, 
esters 
1650 – 1580  C=C stretching 1643 1641 1643 1650 1646 1655 
Aromatic ring 
Alkenes 
1470 – 1350  C-H bending 1390 1397 1390 1396 1390 1396 Alkanes 
950 – 1300  
C-O stretching 1275 1277 1276 1275 1275 1270 Primary, 
secondary and 
tertiary alcohols, 
phenol, esters, 
ethers 
C-O stretching 
vibration 1049 - 1053 - 1051 - 
O-H bending  1025 1024 1021 1024 1018 1025 
900 – 650  C-H bending - 888, 810, 761, 696 - 
892, 816, 
762, 695 - 
893, 814, 
754, 695 
Aromatic 
compounds 
(-) Not detected  
 
Water impurities may also be present indicated by hydroxyl groups. Accordingly, bio-oil can be considered 
as a highly oxygenated chemical compound. Thus, a number of multifunctional chemical compounds such as 
acids, alcohols, ketones, aldehydes, phenols, esters, aromatic and aliphatic were identified by FTIR analysis. 
4. Conclusions  
The present study revealed the distinction between FB and SB in MW pyrolysis of biomass. Interestingly, 
the temperature in multimode MW system can be controlled by varying the percentage of MW absorber. The 
increase in temperature after addition of MW absorber was significant only in case of SB, whereas FB did not 
showed much improvement. Implementation of stirring action also affected the formation of chemical during 
pyrolysis reaction, which was revealed by FT-IR analysis. The quality of bio-oil in terms of chemical 
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formation could also be influenced by type of bed, fixed or stirred in MW pyrolysis process. Overall, the 
performance of SB was better than FB since the former showed complete pyrolysis within short time, which 
could be useful in saving time, energy and cost of the process. 
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